Abstract: The objective of this study was to explain the contribution of lower extremity muscle activity to gait kinetic and kinematic adaptations for maintaining gait dynamic balance when walking on an inclined icy surface and the biomechanical mechanisms used to counteract slip risk. A two-way factorial experimental design was applied. The two independent variables were the walkway surface (ice and treadmill) and the walkway inclination (0˚, 6˚, 8˚). The dependent variable was the amplitude of the surface EMG of four right lower extremity muscles (tibialis anterior TA, gastrocnemius lateralis GL, rectus femoris RF, and biceps femoris BF). Twelve healthy subjects (7 males and 5 females) participated in the walking trials. A two-way ANOVA analysis showed that on the icy surface in the heel contact phase, EMG amplitudes significantly decreased in TA and RF compared to those for the treadmill surface. In the mid-stance phase, the GL muscle activity significantly decreased on ice compared to treadmill and all four muscle activities increased significantly with the inclination. During the toe off phase, GL and RF activities increased with the inclination. The mechanisms identified may be applied to develop intervention, rehabilitation and training techniques, and to improve performance in human locomotion, such as for winter sports.
Introduction
Slips and falls and associated injuries on ice and snow are common in winter in many parts of the world. The primary risk factor for slipping is low friction between footwear and icy and snowy surfaces 1) . However, low friction does not necessarily lead to slipping, nor does a slipping event lead to falling, which is attributed to the human ability to maintain and regain posture and gait balance while walking on slippery surfaces and after slipping.
Two balance strategies are required to achieve dynamic equilibrium in human walking: proactive and reactive balance. Proactive control involves the activation of postural adjustments prior to the occurrence of destabilizing forces directly associated with voluntary walking.
Reactive control, on the other hand, involves activation of postural adjustment after an external disturbance is encountered 2) . Previous research has shown that to avoid slipping people are able to modify their gait kinetics, kinematics, and muscle activity patterns with prior experience, knowledge or anticipation of slippery floor surface conditions using proactive adjustments [3] [4] [5] . Other studies have been carried out on reactive gait balance control after simulated perturbation and slipping events by translating the supporting floor [6] [7] [8] , and on a set of steel rollers 5) . A study on the control of reactive balance adjustments in distally perturbed (simulated by translational floor movement) subjects at heel strike showed that the leg and thigh muscles were the key to reactive balance control and were sufficient for regaining balance within the gait cycle rather than proximal muscles (hip/trunk) 7) . Cham and Redfern studied the changes in kinetics and kinematics of gait when anticipating slippery floors (with dry, water, soap, and oil contaminations) and the corrective reactions due to slip events on inclined floor surfaces 4, 9) . Their results showed significant changes in postural and temporal gait adaptations, and lower extremity joint moments, which affected ground reaction forces. The peak required coefficient of friction (RCOF peak ) was reduced, thus reducing slip potential on anticipated slippery surfaces. It is assumed that the results are attributed to overall muscle reactions 4, 9) .
One of the most critical biomechanical factors in slips and falls is thought to be the ground reaction force as the foot comes into contact with the underfoot surface 10) . Recent research shows that muscles made the largest contribution to support, accounting for 50-95% of the vertical ground reaction force generated in stance during normal walking 11) . A few researches have investigated the effects of adjusted gait on lower extremity muscle activity while anticipating slippery level floor 12, 13) . However, how the lower extremity muscles contribute to the kinetic and kinematic gait changes and to maintaining gait balance during walking and slipping on inclined slippery icy surfaces in cold environments has not been documented in the literature.
The hypothesis of this study was that when anticipating both visually and proprioceptively the slipperiness of ice, the related lower extremity muscle activities would alter, therefore contributing to kinetic and kinematic gait adaptations to maintain posture and gait balance, and to help recover from the loss of balance due to slips.
The objective of this study was to explain the contribution of lower extremity muscle activity to the gait kinetic and kinematic adaptations for maintaining gait dynamic balance when walking on an inclined icy surface and the mechanisms used to counteract slip risk.
Method
Twelve healthy subjects (7 males and 5 females) without musculoskeletal or neurological abnormalities, or visual and vestibular disorders, participated in the experiment. Their mean age was 30.1 ± 7.6 yr, mean height 169.3 ± 7.4 cm, and mean weight 61.5 ± 7.5 kg. All subjects had more than 5 yr of experience in living and walking on icy and snowy walkways in winter. The experiment was approved by the Ethics Committee of Luleå University of Technology. Participant consent was obtained before the experiment.
The two independent variables were the walkway surface (ice and treadmill) and the walkway inclination (0˚, 6˚, 8˚, 10˚, 12˚). A special icy walkway (2.7 m long, 1.0 m wide and 10 cm thick) was made in a climatic wind tunnel (ice with surface temperature at -10 ± 2 ˚C, the air temperature at -10 ± 0.5 ˚C, air velocity at 1.5 m/s). A treadmill surface (with a non-moving belt at a room temperature environment) was used as the reference walkway. The inclinations of the ice and reference walkways were the same.
The dependent variable was the amplitude of the surface EMG, which was normalized against Maximum Voluntary Isometric Contraction (MVIC) of four right lower extremity muscles (tibialis anterior TA, gastrocnemius lateralis GL, rectus femoris RF, and biceps femoris BF), since the most widely used normalization is through isometric MVC 14, 15) . An ME3000p8 EMG tester and MegaWin software were used to measure and analyze EMG data (4 channels for the 4 muscles in the right lower extremity, sampling rate 1,000 Hz, raw data recording mode, 1-4 MB memory card). For analysis, the raw EMG signals were full-wave rectified, high and low-pass filtered between 8-500 Hz. The averaged EMG signals were used.
A two-way factorial experimental design was applied. Each subject was tested in all 10 conditions (2 surfaces × 5 angles). Subjects wore winter clothes to assure that no cooling effect on muscles and the body occurred. They also used the same type of footwear (different sizes) with thermoplastic polyurethane (TPU) and fiber combination soling materials in all the experimental conditions.
Before placing the EMG electrodes, the skin was shaved and rubbed with alcohol to minimize impedance. The pre-gelled bipolar surface electrodes (type: Blue sensor, M-OO-S, Medicotest, Denmark) were placed in the middle part over the belly of the four muscles of the right lower extremity 14, 16) . After entering the climatic wind tunnel, the subjects were equipped with a safety harness to prevent injury in case of falling. Prior to the formal experimental trials, the subjects were asked to walk on the icy surface to become familiar with it. For the formal walking trials, the subjects were instructed to walk as normally as possible on the walkway (at their selfselected pace). Each subject walked on the level walkway, and up and down on the walkway when it was inclined. In this paper, only the walking trials on a level surface (0˚) and on an upward ramp (6˚, 8˚) without slipping are presented. As there were a number of slipping events at 10˚ and 12˚ inclinations, the sample size became too small for non-slipping analysis at these two angles. The results during slipping and downward walking will be presented in another paper.
Subject's walking trials were videotaped from the sagittal plane. Both video and EMG recordings were marked using a flashlight which was connected to the EMG tester via a marker cable. The video was used to divide the gait cycle. During data analysis, the video was first digitized using Pinnacle video capture card and Adobe Premiere and then synchronized with the matching EMG signal in the MegaWin program. In bipedal walking the gait cycle can be divided into a stance and swing phase, and then further subdivided 11, [16] [17] [18] . The digital video was used to divide one gait cycle (right heel to right heel contact) into the following phases as shown in Fig · Swing phase (SW), from toe off (TO) to heel contact (HC). A two-way ANOVA within subject (repeated measures) was used for the statistical EMG data analysis.
Results
The TA (pre-tibial muscle group) and BF (hamstring muscle group) have their peak activities during heel strike (ST1 phase) on the treadmill surface as shown in Fig. 2 and Table 1 . The GL (calf muscle group) increases activity during mid-stance (ST2). GL activity is relatively low during the swing phase (SW). TA reaches another smaller peak during toe off (ST3 phase), and continues to maintain some degree of activity throughout the stance phase (ST) and swing phase (SW). The results and gait EMG patterns of this study are in agreement with those in normal walking as shown in the literature 8, 16, 19) .
The two-way ANOVA analysis showed that on the icy surface in the heel contact phase, i.e., early stance phase (ST1), significantly decreased EMG amplitudes were found in the ankle dorsiflexor muscle, extensor muscles of the shank and the thigh (TA and RF) compared to corresponding amplitudes for the treadmill surface (p=0.042 and 0.027, respectively, Table 1 ).
In the mid-stance phase (ST2), on the contrary, the mean EMG amplitudes of TA and RF muscles increased significantly on ice (p=0.011 and 0.002 respectively) compared to the treadmill surface. However, the gastrocnemius lateralis muscle activity significantly decreased (p=0.000) on ice compared to the treadmill surface. The activity of all four muscles (TA, GL, RF and BF) increased significantly when the walkway was inclined (p=0.001, 0.000, 0.002, and 0.000, respectively).
In the toe off phase, i.e., late stance phase (ST3), contrary to the early stance phase (ST1), the EMG activity significantly increased in the ankle dorsiflexor muscle, extensor muscles of the shank and the thigh, and flexor muscle of the thigh (TA, RF and BF) on the icy surface compared to the treadmill surface (p=0.040, 0.046 and 0.012, respectively, Table 1 ).
In swing phase (SW), except for the TA muscle, the activities of the GL, RF and BF muscles increased significantly (p=0.038, 0.015, and 0.049, respectively) on ice compared to treadmill surfaces (Table 1) .
Discussion
Bipedal human walking has an element of inherent unsteadiness. This inherent unsteadiness results primarily from biomechanical disadvantages, including: (1) a high center of mass (COM), (2) a small base of support (BOS), and (3) long single-support periods (~75-80% of the gait cycle) 2) . With these disadvantages, certain gait strategies are needed to overcome the inherent unsteadiness. Proactive balance control is thought to be achieved by incorporating compensatory muscle forces and joint torques into the normal gait pattern so as to minimize the destabilizing forces occurring in certain gait events 2) . To maintain gait dynamic balance is challenging while walking on inclined slippery surfaces.
The effects of underfoot surface
During the heel contact phase (ST1), significantly decreased EMG amplitudes were observed in the dorsiflexors and the extensor muscles of the shank and the thigh (tibialis anterior and rectus femoris) on ice compared to the treadmill surface. This indicates that there is a cautious heel strike on ice to avoid slipping forward. As the Ground Reaction Vector (GRV) falls posterior to the ankle joint 20) , the decreased TA muscle activity helps to create a plantarflexion moment (increased plantar flexion and decreased dorsiflexion). As a result, this causes a more flat initial heel contact, i.e. a smaller heel contact angle. Other research has shown that the heel contact angle and the braking impulse were also reduced in repeated perturbation slip trials (due to the prior slip experience) 5) . Landing flat-footed was also observed in the reduced plantar sensation induced by ice water immersion 18) and in the investigation by Brady 21) . This foot flat contact strategy obviously increases the support/con- tact area (base of support), thus minimizing the risk of slipping forward. But the muscle activity magnitudes of TA, MG (medial gastrocnemius) and BF shown by Marigold and Patla 5) are somewhat different from the present study, which might be attributed to the different muscle activities recorded, and different slippery surfaces used in the two studies.
Cham and Redfern demonstrated that the postural and temporal kinetic and kinematic gait strategies were adopted to decrease ground forces (shear force and normal force) when anticipating slippery surfaces, resulting in reduced RCOF peak 4, 9) . They argue that the reduction of slipping risk (RCOF peak ) was achieved by more slowly rotating the foot down onto the floor during heel contact, adopting shorter strides (length and duration), reducing foot contact angles and slowing the transfer of body weight to the supporting foot. The results of this study may partly explain how all these changes were achieved by significantly decreasing EMG amplitude in the dorsiflexors of the ankle and the extensor muscles of the shank and the thigh (tibialis anterior and rectus femoris) on a slippery surface during the heel contact phase. As found in a study on the contributions of individual muscles to the vertical ground reaction force (GRF) during normal gait, muscles made the primary contribution (responsible for 50% or more of the total GRF to vertical support dur- ing the gait cycle, especially during foot flat and heel off periods 11) . Sharp changes in the force contributions at 9% and 48% of the gait cycle correspond to foot flat and heel off respectively. They also found that just after heel strike, but before foot flat (0-9% of gait cycle), support was generated by the dorsiflexors. Tibialis anterior is the major dorsiflexor muscle. Interestingly, our results during the heel contact phase (ST1, corresponding to the heel strike to foot flat phase, duration 0-10.3%) showed a decreased EMG amplitude for tibialis anterior. This could explain how the cautious heel strike is achieved and why the GRF is reduced as observed by Cham and Redfern 4, 9) .
In the mid-stance phase (ST2), the momentum of forward progression over a stable foot with tibial stability maintained should be achieved. The increased mean EMG amplitudes of the tibialis anterior and rectus femoris muscles might indicate the increased efforts to better maintain tibial stability and a stable forward momentum on a slippery icy surface. We should bear in mind that this is the result on the right lower extremity. The right foot mid-stance phase corresponds to the swing phase of the left foot. Therefore the increased TA and RF muscles activity is necessary to maintain a more stable whole body forward momentum and posture.
However, the gastrocnemius lateralis (GL) activity significantly decreased (p=0.000) on ice compared with that on the treadmill. This is also partly due to the demand on translating the body center of mass (COM) forward. A similar result was demonstrated in other studies on adjusted gait on a known contaminated slippery indoor floor surface 12) , in which the right gastrocnemius muscles mean activation was significantly lower for adjusted gait (on a contaminated slippery level floor surface) versus normal gait (on a non-slippery level floor). The decreased contraction of ankle plantar flexion muscles (GL) results in a lesser extent of ankle plantar flexion during midstance. This might be a reflection of cautious preparation for heel off and toe off on a slippery icy surface. Anderson and Pandy found that during 48-65% of the gait cycle (push-off phase, the second peak of GRF), support was generated almost entirely by soleus and gastrocnemius muscles 11) . This could partly explain why the GRF is reduced as observed by Cham and Redfern 4, 9) . These appear to be the mechanisms even though our representative example mid-stance phase (Fig. 2) did not exactly correspond to the phase described by Anderson and Pandy 11) .
During toe off phase (ST3), the contrary to the heel contact phase (ST1), EMG activity significantly increased in the ankle dorsiflexor muscle, extensor muscles of the shank and the thigh, and flexor muscle of the thigh (tibialis anterior, rectus femoris and biceps femoris) on an icy surface as compared to a treadmill surface (Table 1) . This is to maintain a higher degree of ankle dorsiflexion (decreased plantar flexion) during heel off and toe off, which is consistent with the results from the reduced plantar sensation using ice water immersion 18) . It is necessary to produce extra horizontal forward force to counter rearward shear force. Previous studies on floors showed that decreased rearward shear force during the toe off phase eventually reduces the risk of toe off rearward slipping on slippery floor surfaces compared with rough floor surfaces 4, 22) . Schillings 23) showed that co-activation of antagonists in both the upper and the lower leg flexors and extensors may generate joint stiffness when stumbling over obstacles, which may be a first response in order to take appropriate action concerning the obstacle. The coordinated synergistically co-activation of these two antagonistic muscles, RF and BF, may be used to stabilize the knee joint and thigh to overcome rearward slipping threats during the toe off phase. This is also observed during the swing phase for RF and BF muscles. Anderson and Pandy 11) showed that during the heel off to toe off phase, the ground reaction force was generated mainly by soleus and gastrocnemius muscles. A reduction of GL muscle activity would indicate a reduced GRF and a more cautious toe off. However, our results showed a reduction of GL muscle activity in the mid-stance phase on ice, which might indicate a cautious mid-stance. There is a phasic difference compared with the results by Anderson and Pandy 11) in terms of GL activation, which might be due to walking velocity and different degrees of slipperiness of the surface used. The adaptation and strategy of the swing phase during the gait cycle have not been well studied because previous studies of gait strategies on slippery surfaces or surface perturbations have mostly been based on the application of force plate (kinetic studies). However, the kinetic study of gait is limited to the stance phase. Our study showed that in the swing phase (SW), three muscle (GL, RF, BF) activities increased significantly on ice in comparison to treadmill surfaces. The co-activation of BF and RF may have multiple roles in decelerating the thigh, retaining further hip flexion, and stabilizing the knee during the swing phase 20) . This also assists the knee flexion to maintain effective stability during forward swing progression of the lower limb on icy surfaces, which is in line with the results by Eils 18) .
The effect of surface inclination
The icy ramp was designed to investigate the effect of inclination and to simulate slipping events in a laboratory setting. The muscle activities when descending the slope and during slipping were not included in this paper.
During heel contact (ST1), all four muscle activations were not affected with increments in inclination. However, in mid-stance (ST2), the four muscle activities increased significantly with greater inclination. This could partly explain why the RCOF in the mid-stance phase increased with increasing angle when ascending a ramp as observed by McVay and Redfern 24) . On the other hand, if we look further into the findings by Anderson and Pandy 11) , we can see that in mid-stance the ground reaction forces are partly generated by muscles and partly by the resistance to gravity. Therefore, the increased muscle activity during mid-stance might partly indicate the need for maintaining gait balance on slopes. The more inclination, the more increased muscle activity to maintain the forward momentum during the mid-stance phase on the right lower limb to support the whole body dynamic stability when the counterlateral leg is in the mid-swing phase.
During toe off (ST3), GL and RF activity increased with inclination. This may explain the increased RCOF and peak RCOF over ramp angle (0-20 degrees) during walking up as observed by McVay and Redfern 24, 25) . They also found that the peak RCOF is higher in the upward direction than the downward direction, and occurs towards the push off phase of the gait. Therefore, while ascending slippery ramps, the rearward (toe off) slip risk is greater than the forward (heel contact) slip.
According to Winter 2) , the proactive control involves the activation of postural adjustments prior to the occurrence of destabilizing forces directly associated with voluntary walking. As the destabilizing forces were not measured in this study, and there might be a few "micro-slip" events which could not be detected in the video, there might be reactive responses combined in the EMG results, although a large part of the muscle activities could be attributed to proactive gait strategies.
Kinetic and kinematic studies were not conducted together with EMG measurements in this study for two reasons: 1) bulky clothing used in the climatic wind tunnel (-10˚C) which made it difficult to apply markers, 2) possible water immersion risk for force plate under the ice. Therefore, a video camera (25 fps) was used in this study to record subjects' locomotion on ice and a nonmoving treadmill surface, based on which the EMG signals were divided into different phases. Supposing that an average normal cadence is 120 steps/min (1 gait cycle/s), then the accuracy is 4% (40 ms/1,000 ms). Although the subjects were instructed to walk as normally as possible in this study, they actually walked slower than average. The mean time of one gait cycle on the treadmill is 1,250 ms, which gives the accuracy of 3.2% (40 ms/1,250 ms). However, in order to improve the accuracy, the video frequency could be further increased in future studies. The walking speeds at different inclinations might vary and, in turn, affect the EMG. In this study, the differences in walking speed between inclina-20 C GAO et al.
tions would not be pronounced. This is due to the short distance that the subjects covered. Nevertheless, the speed should be controlled in future studies.
Conclusions
This study showed that on the icy surface in the heel contact phase, EMG amplitudes in TA and RF significantly decreased compared to those for the treadmill surface, thus contributing to the reduced required coefficient of friction (RCOF), decreased heel contact angle, and cautious heel strike on ice. In the mid-stance phase, the GL muscle activity significantly decreased on ice compared to treadmill surfaces. This might be a reflection of a cautious preparation for heel off and toe off on a slippery icy surface. In the mid-stance phase, all four muscle activities increased significantly with the inclination. This could partly explain why the RCOF in the mid stance phase increased with increasing angle when ascending a ramp. During the toe off phase, GL and RF activities increased with the inclination. This may contribute to the increased RCOF and peak RCOF with inclination during walking up as observed by other researchers. The present study provides insights into how gait kinetic and kinematic adjustments are achieved and the control mechanisms for stabilizing gait and posture through certain gait muscle activities when ascending an icy ramp. Both increased and decreased gait muscle activities (EMG) at different gait phases are observed to serve dynamic gait balance strategies including a cautious heel contact and toe off to avoid slipping on the inclined icy surface. Some of the implications of the mechanisms of the gait adaptation strategies are to develop intervention and rehabilitation techniques to prevent slips and falls and associated injuries for populations, e.g., elderly people who are at risk for slips and falls, and to help develop specific techniques to train athletes in winter sports such as skiing.
